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Optical interband excitonic absorption of semiconductor quantum wells (QW’s) driven by a coherent pump field
is investigated on the basis of semiconductor Bloch equations. The pump field has a photon energy close to
the intersubband spacing between the first two conduction subbands in the QW’s. An external weak optical
field probes the interband transition. The excitonic effects and pump-induced population redistribution
within the conduction subbands in the QW system are included. When the density of the electron—hole pairs
in the QW structure is low, the pump field induces an Autler—-Townes splitting of the exciton absorption spec-
trum. The split size and the peak positions of the absorption doublet depend not only on the pump frequency
and intensity but also on the carrier density. As the density of the electron—hole pairs is increased, the split
contrast (the ratio between the maximum and the minimum values) is decreased, because the exciton effect is
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suppressed at higher densities owing to the many-body screening. © 2000 Optical Society of America

[S0740-3224(00)01703-3]

OCIS codes: 190.5970, 190.4720, 270.1670, 270.4180.

1. INTRODUCTION

In the past few years there has been a lot of interest in
the optical interband and intersubband responses of semi-
conductor quantum wells (QW’s) driven by a strong pump
field.' 1 These investigations are partly motivated by
the intensive work on electromagnetically induced
transparency'! and gain without inversion'>~!% in atomic
systems. Compared with the atomic systems, the semi-
conductor nanostructures such as QW’s have the advan-
tage of feasible control of their electronic and optical prop-
erties by use of bandgap engineering. This unique
feature makes these semiconductor quantum structures
attractive for optoelectronic device applications. Since
semiconductor QW’s are different from atomic systems in
many aspects, whether one can obtain phenomena in
these quantum structures similar to those of the atomic
systems still remains to be explored. Previously, it was
shown that the optical interband absorption of a three-
subband (two conduction subbands and one valence sub-
band) QW structure can be significantly reduced by the
application of a strong pump field to couple the two empty
conduction subbands.®>* Such a reduction in the probe
absorption is due to the coherent pump—probe nonlinear
interaction in the QW system. Under the condition that
there is a population inversion between the upper and the
lower conduction subbands, it was also predicted that
gain without inversion for the interband probe field is
possible in the intersubband-pumped three-subband QW
system.” The appearance of the gain without inversion is
due mainly to the strong exciton effects in the QW struc-
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ture. Although such a prediction seems to be attractive,
for a three-subband QW structure the population inver-
sion between the two lowest conduction subbands is ex-
perimentally difficult to achieve. Nevertheless, this re-
sult suggests that the carrier distribution in the
conduction band significantly influences the interband
probe spectrum because of the pump—probe coherent in-
teraction in the QW system.

In this paper we employ the semiconductor Bloch equa-
tions approach to study the exciton absorption of semicon-
ductor quantum wells pumped by a strong laser beam.
The influence of the carrier density on the exciton absorp-
tion of QW structures in the presence of intersubband
pumping is investigated. The electron—hole pairs in the
undoped QW structure are generated solely by electrical
current injection, since the probe field is assumed to be
weak, so that the probe beam does not excite an appre-
ciable portion of carriers in the system. The carrier den-
sity is assumed to be smaller than the Mott density, so
that the exciton effect is sufficiently strong in our QW sys-
tem. Taking into account the pumping effect, the elec-
tron distribution in the conduction band is determined
self-consistently from a set of rate equations in which
both intrasubband and intersubband relaxation processes
are included. For a GaAs/AlGaAs QW structure, we per-
form a detailed numerical calculation of the exciton ab-
sorption spectrum by varying various parameters such as
the pump frequency, the pump intensity, and the carrier
density. We find that the exciton absorption spectrum
strongly depends on these parameters. We also show
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that the many-body screening effect significantly sup-
presses the influence of the pump field on the interband
absorption spectrum of the QW structure.

Our paper is organized as follows. In Section 2 we
present our theory of the exciton absorption in a QW
structure with an intersubband coupling field based on
semiconductor Bloch equations.'®!” Taking into account
the coherent pump-probe interaction, we calculate the
optical polarization of the QW for the probe field from a
set of coupled semiconductor equations. We then define
the probe-field susceptibility response tensor (hence the
optical absorption coefficient) of the QW driven by a pump
field. In Section 3 we present a numerical study of the
exciton absorption spectrum of a GaAs/AlGaAs QW. The
carrier density effect on the exciton absorption line of the
QW for different pump frequency and intensity is then in-
vestigated. Finally, we give a conclusion in Section 4.

2. THEORY

We consider a symmetric semiconductor QW structure
with two electron subbands (labeled by 2 and 3) within
the conduction band and one heavy-hole subband (labeled
by 1) in the valence band, as shown in Fig. 1. The two
conduction subbands are resonantly coupled by a strong
pump field (E,) with an angular frequency »,. A weak
signal field (E,) of frequency o probes the interband ex-
citonic transition between the hole subband and the low-
est conduction subband (subband 2). For the symmetric
QW structure considered in this paper, the interband
transition between the hole subband and the second con-
duction subband (subband 3) is dipole forbidden if the
band mixing effect is neglected. Since the photon energy
of the pump field is much smaller than the interband
transition energy, the pump field does not create carriers
or electron—hole pairs. The total electron and hole den-
sities are controlled by electrical current injection. To
describe the probe response of the intersubband-driven
QW system, we employ the semiconductor Bloch equa-
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Fig. 1. Pump-probe scheme in a three-subband (|1,k), |2,k),
and |3,k)) QW structure. The two conduction subbands are
coupled by a coherent pump field of frequency w, , and the inter-
band transition is probed by a weak signal field with an angular
frequency w.

A. Liu and C. Z. Ning

tions formalism.'®!7 The many-body effect in the optical
response of the QW system is treated under the Hartree—
Fock approximation. Thus the influence of the carrier
density on the exciton absorption spectrum in the pres-
ence of an intersubband pump field can be conveniently
included. Such an effect was not analyzed in the previ-
ous work.”® TUnder the rotating-wave approximation
and in the steady state, the coupled semiconductor Bloch
equations for the diagonal (population distribution) and

off-diagonal (polarization) matrix elements are given
by 10:16.17
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In the above equations,
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is the screened Coulomb matrix element that describes
the carrier—carrier Coulomb interactions, ;(z) and ; (z)
being the envelope wave functions for subband i and sub-
band j, respectively (the QW growth direction is assumed
to be along the z axis). In Eq. (6) ep is the background
dielectric constant of the QW structure and S is the (nor-
malization) cross-section area of the QW structure. The
many-body screening effect is taken into account by the
introduction of a screening factor e(g) in Eq. (6) under the
plasmon-pole approximation.'® I';; in Egs. (1)—(3) is the
line-broadening factor for both intersubband and



A. Liu and C. Z. Ning

interband—exciton transitions. The function E,-j(ku) is
the renormalized single-particle energy separation be-
tween subbands i and j. For interband transitions,

E;(k) = Ei(k) + E; (k)

= > Vi(k = KDIfik]) + f; (k)]

Ky
- AEJY, )

where AE;H is the Coulomb hole contribution to the
bandgap renormalization.!® For the intersubband tran-
sition energy,

Eij(k\l) = E(k) - Ej(kH)

- 2 Vi (k= KDIfik) = £;(RD]. ()
k|
Note that in writing the above semiconductor Bloch equa-
tions, we have adopted the electric dipole approximation
to account for the light-QW interaction, and w;; (k) de-
notes the dipole matrix element. For the interband tran-
sition, the dipole moment is given by

eﬁOiij
imoE;; (ky)’

where O;; = [} (2)y;(z)dz is the overlap integral be-
tween the conduction and valence envelope wave func-
tions and P,, is the Kane’s interband momentum matrix
element. In Egs. (4) and (5), T, and 73, are the intrasub-
band carrier—carrier scattering time and intersubband re-
laxation time, respectively. Neglecting the band-mixing
effect, the intersubband dipole moment u3s(k)) = usy is
k, independent and along the QW growth direction (z
axis), and the magnitude is w3y = e[ ¢35 (2)zy(z)dz. The
quantities ff(k”) (i = 2,3)in Egs. (4) and (5) are consid-
ered to be the quasi-equilibrium distribution functions,
which are related to the Fermi-Dirac functions f{*(k)
X (@ = 2, 3) in the absence of the pump field via

pij (k) = 9)

TCC
Fik) = FL%k) — —FP k), (10)
732
TCC
fg(ku) =1+ —)fé‘”(k)- (11)
732

Because the signal field is weak and the pump field does
not resonantly couple the hole subbands, the hole distri-
bution function f1(%;) is simply the thermal equilibrium
Fermi—Dirac function in the absence of the pump beam.
Here we stress that, in our calculations, we assume that
the intersubband transition in the QW structure is ex-
cited by a cw pump field. Therefore the carrier distribu-
tion function is considered to be time independent. In
real experiments, the QW system is usually pumped by a
pulse.’® Once the duration of the pump pulse is much
longer than the carrier relaxation time, it is also reason-
able to assume that the carrier distribution function is
time independent.

For a given pump intensity and carrier density in the
QW structure, we first determine the electron distribution
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function for each conduction subband from Eqs. (3)-(5)
using Eqgs. (10) and (11). To simplify the numerical cal-
culation, we neglect the many-body effect on the pump-
induced change in the subband population distribution as
in the previous work.!? Including such an effect does not
modify our results qualitatively. Then we solve p3;(%;)
from Egs. (1) and (2). In our calculations, 201 equal-
distant &, values are used. We then calculate the probe-
induced polarization P(w) and define a susceptibility re-
sponse tensor, ¥(w), for the signal field through

2 d?k, ~
P(w) = L—wfjwu’élp‘z"l(k) = €x(w) - E,,
(12)

where L, denotes the quantum well width and the factor
of 2 accounts for the spin degeneracy. Note from Eqgs. (1)
and (2) that p3;(%)) is linearly proportional to the ampli-
tude of the probe field. Therefore the susceptibility ten-
sor defined in Eq. (12) is independent of the intensity of
the signal field, as it should be. However, it depends on
the pump intensity through the pump-induced change in
the electron distribution functions within the conduction
band as well as the pump—probe coherent interaction.
The pump—probe electromagnetic coupling is manifested
in the last term on the right-hand side of Eq. (1) as well as
in the two terms on the right-hand side of Eq. (2). The
pump field is assumed to be polarized along the quantum-
well growth direction in order to induce effectively the in-
tersubband transition. The probe field is polarized par-
allel to the QW interfaces, because the dipole moment of
the heavy-hole-to-electron-subband transition is domi-
nant in such a polarization. The absorption coefficient is
proportional to the imaginary part of the susceptibility.

Before closing this section, we mention that, in the
pump—probe scheme considered in this paper, the pump—
probe field mixing in quantum wells also generates side-
bands in the optical spectra at frequencies of v * 2no,
(n is an integer number). Such far-infrared optical side-
band generation has been observed in GaAs/AlGaAs
quantum wells in the magnetic field.2° Since the QW
system considered in our paper is symmetric, the side-
band generation at frequencies of © * no, (n
= 1, 3, 5,...) is electrical dipole forbidden.

3. NUMERICAL RESULTS AND
DISCUSSION

In this section we present a detailed numerical study on
the signal-field absorption spectrum of a symmetric
GaAs/Aly3Gay;As QW. Our attention is especially fo-
cused on the influence of the electron—hole density on the
absorption spectrum of the QW structure in the presence
of a strong pump field. For our numerical calculations,
we choose a GaAs well width of 10 nm. The band offset is
assumed to follow the 60-40% rule. T 5= Ty
= 3.0meV, T'j;3 = 1.0meV, T, = 05ps, and 75
= 1.0ps. Note that we use a smaller line broadening of
1.0 meV for the interband transition between the valence
suband and the second conduction subband because this
transition is electric dipole forbidden. The electron and
the heavy-hole effective masses are m, = 0.067m, and
m;, = 0.47m, respectively. The subband eigenenergies
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Fig. 2. Probe absorption spectra of a GaAs/AlGaAs QW in the

absence of the pump field for different exciton densities, i.e.,
1 x 10 5 x 10 1 x 10', and 2 X 10" cm™2

and the corresponding wave functions for our QW struc-
ture are calculated from the effective-mass Schrodinger
equation. For simplicity we neglect the band nonparabo-
licity effect for both the valence and the conduction sub-
bands and assume an equal effective mass for the two
conduction subbands. Therefore the intersubband sepa-
ration (E39) between subband 3 and subband 2 is inde-
pendent of the in-plane wave vector k;. For the TE po-
larization of the probe field, the interband momentum
matrix element is given by P., = p,/v2, where 2p(2)/m0
= 25eV is used. In all calculations we use a tempera-
ture of 77 K.

To understand how a strong intersubband pump field
influences the exciton absorption spectrum of our QW sys-
tem and how the exciton absorption spectrum depends on
parameters such as the pump frequency, the pump inten-
sity, and the carrier density, it is instructive to under-
stand the results in the absence of the pump field. In
Fig. 2 we show the probe absorption spectra of our QW
structure for different electron—hole densities, i.e.,
1 x 109 5 x 10 1 x 10, and 2 X 10'!cm 2
without the pumping field. Figure 2 shows that in the
low carrier density case there is a sharp exciton absorp-
tion peak below the QW interband edge, as expected.
The broad stairlike absorption spectrum in the high-
frequency side of the exciton peak is due to continuum in-
terband transitions. As the electron—hole density is in-
creased, the exciton absorption line is slightly blueshifted,
although the bandgap renormalization leads to a redshift
and its peak value is decreased. This is because the
screening length of the QW structure is decreased with an
increase in the carrier density. Therefore the electron—
hole Coulomb interaction becomes weaker, and the exci-
ton binding energy becomes smaller as well. The de-
crease in the exciton binding energy slightly exceeds the
bandgap shrinkage at the carrier densities used in Fig. 2,
so that there is a net blueshift of the exciton absorption
line. Itis also interesting to note from Fig. 2 that the ex-
citon line width is obviously broadened with increasing
carrier density, although a fixed value (3 meV) for the line
broadening is used. The reason is that the exciton effects
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become less important, and the continuum interband
transitions begin to dominate the contributions to the ab-
sorption spectrum when the exciton density is increased.

Now let us study the effect of the pump field on the ex-
citon absorption line of the QW structure for different
pump frequencies and intensities. In Fig. 3 we show the
probe absorption spectra of the QW structure at the pump
photon energy of fiw, = Eg, for different pump intensi-
ties, namely, 0, 0.5, 1.0, 1.5 and 2.0 MW/cm?. The carrier
density used in the calculation is 5 X 10%cm 2. Note
that, for clarity, we shift the absorption spectra vertically
for nonzero pump intensities. We can see from Fig. 3
that applying a pump field to the QW structure leads to a
splitting of the exciton absorption line. Such a split is
analogous to the well-known Autler—Townes splitting of
the atomic absorption line. Depending upon the probe
frequency, the absorption coefficient is either decreased or

| N=5x10" cm™

50000

2
40000 | 2.0 MW/cm

1.5 MW/em®

30000 ¢

1.0 MW/cm®
20000 t

Absorption (Arb. Units)

0.5 MW/cm®

10000 ¢

0 s L ! L

-0.04 -0.03 -0.02 -0.01 0 0.01
Probe Detuning (eV)

Fig. 3. Probe absorption spectra of a GaAs/AlGaAs QW at a

pump photon energy of iw, = E3, for different pump intensities,

ie., 0,0.5,1.0, 1.5, and 2 MW/cm?. The electron—hole density is

5 x 10%cm™2
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Fig. 4. Probe absorption coefficient as a function of the pump
intensity at the probe photon energy equal to the exciton peak
energy in the absence of the pump field. The pump photon
energy is fiw, = E3, and the electron-hole density is
5 X 10%cm™2
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increased with an increase in the pump intensity. In Fig.
4 we display the absorption coefficient as a function of the
pump intensity at the probe photon energy equal to the
exciton peak energy without the pump field. We see from
Fig. 4 that, although the pump field reduces the absorp-
tion coefficient significantly, owing to the continuum in-
terband contribution to the optical absorption, the electro-
magnetically induced transparency in the QW structure
is hardly achieved. Figure 3 also shows that the splitting
is increased with an increase in the pump intensity. The
pump intensity dependence of the split energy is dis-
played in Fig. 5. We compared results in Fig. 5 with
those obtained for atomic systems and found the split en-
ergy dependence on the pump intensity is quite similar
for the two different systems. We also note from Fig. 3
that the heights of the two absorption peaks are depen-
dent on the pump intensity. These dependencies of the
peak heights on the pump intensity are shown in Fig. 6.
As the pump intensity is increased, the lower energy peak
decreases while the higher energy peak increases in mag-
nitude. This result is different from what one would ex-
pect from atomic systems. In the atomic system, the
heights of the two peaks decrease with an increase in the
pump intensity when the pump photon energy is exactly
equal to the level spacing between the two upper states.
Also, the absorption line is symmetrically split with re-
spect to the peak in the absence of the pump field in this
case. These differences (cf. Figs. 3 and 6) are due mainly
to the fact that the pump field excites the exciton—exciton
transition instead of the bare intersubband transition in
the QW system owing to the electron—hole correlation.
Because the binding energy of the valence to the first con-
duction subband exciton is somewhat larger than that of
the valence to the second conduction subband exciton, the
exciton—exciton transition energy is a little bit larger
than the intersubband separation without the exciton ef-
fects. Therefore the pump photon energy fiw, = Ejy is
indeed less than the exciton-resonant intersubband tran-
sition energy. In this case, we do not expect a symmetric
splitting of the line splitting as for the atomic systems.
Here we stress that the bandgap renormalizations for the
two conduction subbands are slightly different. This re-
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sults in a small increase in the intersubband transition
energy, which also contributes to the asymmetrical split
of the absorption spectra in Figs. 3 and 6.

To see more clearly the influence of the pump frequency
on the exciton absorption spectrum, we show in Fig. 7
the exciton absorption coefficient as a function of
the probe detuning at a pump intensity, of 1 MW/cm?
for different values of the pump frequency detuning
A =tho, — Eg, namely, A = -9, -6, -3,0,3,6,and 9
meV. In Fig. 7 the electron—hole density is still chosen to
be 5 X 10%cm 2. As the pump detuning is increased
from zero to positive values, the higher-energy peak
moves downward and its peak height is gradually in-
creased. However, the lower-energy peak is shifted to-
ward the lower probe photon energy and its peak absorp-
tion coefficient is decreased. In particular, we note an

4
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2 .
2 Higher energy peak
25
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N=5x10" cm™
2 L L
0 1 2 3

Pump Intensity (MW/cm”)

Fig. 6. Heights of the Autler-Townes split exciton absorp-
tion peaks as a function of the pump intensity. The pump
photon energy is fiw, = E3;. The electron-hole density is
5 X 10%cm™2
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Fig. 7. Probe absorption spectra of a GaAs/AlGaAs QW at a

pump intensity of 1 MW/cm? for different pump frequency detun-

ing A = hw, — Egy, ie, A = 9, =6, =3, 0, 3, 6, and 9 meV.

The electron—hole density is 5 X 10°cm™2.
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exchange in the shape of the absorption doublet between
the spectrum at A = 0 and the spectrum at A = 3 meV.
We therefore expect that the Autler—Townes splitting is
symmetric when the pump detuning is between 0 and 3
meV. This result confirms our explanation that the exci-
ton effect slightly increases the intersubband energy
separation between the first and the second conduction
subbands. When the pump detuning is further in-
creased, the lower-energy peak becomes smaller and fi-
nally disappears at the lower probe photon energy side.
This should be expected because, when the detuning
tends to infinity, the absorption spectrum should return
to the result in the absence of the pump field; namely,
there is only one exciton peak in the absorption spectrum.
On the other hand, as the pump frequency is decreased
from A = 0, the lower-energy peak is shifted upward and
its peak height is increased. But the higher-energy peak
is moved to the higher photon energy, and its peak value
is decreased. These results suggest that varying the in-
tersubband pump frequency leads to not only a shift of
the Autler—Townes doublet but also a modification of the
absorption line shape.

Finally, we study the influence of the carrier density
on the pump-induced splitting of the exciton absorption
line of the QW structure. In Fig. 8 we display the probe
spectra at a pump intensity of 1 MW/cm? for different car-
rier densities, i.e., 1 X 10° 5 x 10 1 x 10Y, and
2 x 10"em 2. In calculating Fig. 8 the pump fre-
quency of fiw, = E3y is used. From Fig. 8 we note that
the pump field has a much stronger effect on the exciton
absorption spectrum in the low carrier density case com-
pared with the higher density case. As the exciton den-
sity is increased, both the size and the contrast of the
Autler—-Townes splitting become smaller because the ex-
citon effect becomes weaker. We have checked that,
when the carrier density is so large that the exciton ab-
sorption peak almost disappears, the pump field has an
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even smaller effect on the absorption spectrum of the QW
structure. These results suggest that the lower carrier
density is favorable for observing the Autler—Townes split
of the interband absorption line in the QW structure.

4. CONCLUSION

In this paper we have used the semiconductor Bloch equa-
tions to calculate optical interband absorption of semicon-
ductor quantum wells driven by a coherent intersubband
pump field. Both excitonic bound and continuum states
contribute to the pump—probe spectrum of the QW system
and are treated on an equal footing. The pump-induced
population redistribution within conduction subbands in
the QW system are included. When the electron—hole
density is low, the pump field induces an Autler—Townes
splitting of the exciton absorption spectrum. The split
size and the peak positions of the absorption doublet de-
pend not only on the pump frequency and intensity but
also on the exciton density. As the carrier density is in-
creased, we find that both the magnitude and the contrast
of the Autler—Townes splitting energy become smaller be-
cause of the carrier screening effect.

ACKNOWLEDGMENTS

The authors are indebted to S.-L. Chuang for his valuable
comments on the manuscript. This work is partly sup-
ported by NASA Ames Research Center Director’s Discre-
tionary Fund.

REFERENCES

1. Y. Zhao, D. Huang, and C. Wu, “Electric-field-induced
quantum coherence of the intersubband transition in semi-
conductor quantum wells,” Opt. Lett. 19, 816—-819 (1994).

2. A.Imamoglu and R. J. Ram, “Semiconductor lasers without
population inversion,” Opt. Lett. 19, 1744-1746 (1994).

3. D. Huang, C. Wu, and Y. Zhao, “Coulomb and light-induced
electronic renormalization in quantum wells for electro-
magnetically induced transparency and light amplification
without inversion,” J. Opt. Soc. Am. B 11, 2258-2265
(1994).

4. D. S. Lee and K. J. Malloy, “Analysis of reduced interband
absorption mechanism in semiconductor quantum wells,”
IEEE J. Quantum Electron. QE-30, 85-92 (1994).

5. Y. Zhao, D. Huang, and C. Wu, “Field-induced quantum in-
terference in semiconductor quantum wells for lasing with-
out inversion and electromagnetically induced transpar-
ency,” J. Nonlinear Opt. Phys. Mater. 4, 261-282 (1995).

6. J.B. Khurgin and E. Rosencher, “Practical aspects of lasing
without inversion in various media,” IEEE J. Quantum
Electron. QE-32, 1882-1896 (1996).

7. D. S. Lee and K. J. Malloy, “Gain without inversion in in-
terband transitions of semiconductor quantum wells from a
single-particle perspective,” Phys. Rev. B 53, 15749-15755
(1996).

8. A. Liu, “Light control of optical intersubband absorption
and amplification in a quantum well inside a cavity,” Phys.
Rev. A 56, 3206-3212 (1997).

9. A. Neogi, Y. Takahashi, and H. Kawaguchi, “Analysis of
transient interband light modulation by ultrashort inter-
subband resonant light pulses in semiconductor quantum
wells,” IEEE J. Quantum Electron. QE-33, 2060-2070
(1997).

10. A. Liu, “Self-consistent theory of optical gain with and with-
out inversion in semiconductor quantum wells,” J. Opt. Soc.
Am. B 15, 1741-1748 (1998).



A. Liu and C. Z. Ning

11.

12.

13.

14.

15.

16.

See, for example, K. J. Boller, A. Imamoglu, and S. E. Har-
ris, “Observation of electromagnetically induced transpar-
ency,” Phys. Rev. Lett. 66, 2593-2596 (1991).

A. Nottlemann, C. Peters, and W. Lange, “Inversionless
amplification of picosecond pulse due to Zeeman coher-
ence,” Phys. Rev. Lett. 70, 1783—-1786 (1993).

E. S. Fry, X. Li, D. E. Nikonov, G. G. Padmabandu, M. O.
Scully, A. V. Smith, F. K. Tittel, C. Wang, S. R. Wilkinson,
and S.-Y. Zhu, “Atomic coherence effects within the sodium
D, line: lasing without inversion via population trapping,”
Phys. Rev. Lett. 70, 3235-3238 (1993).

W. E. van der Veer, R. J. van Diest, A. Donszelmann, and
H. B. van Linden van den Heuvell, “Experimental demon-
stration of light amplification without population inver-
sion,” Phys. Rev. Lett. 70, 3243-3246 (1993).

A. S. Zibrov, M. D. Lukin, D. E. Nikonov, L. Hollberg, M. O.
Scully, V. L. Velichansky, and H. G. Robinson, “Experimen-
tal demonstration of laser oscillation without population in-
version via quantum interference in Rb,” Phys. Rev. Lett.
75, 1499-1502 (1995).

S. Schmitt-Rink and D. S. Chemla, “Collective excitations

17.

18.

19.

20.

Vol. 17, No. 3/March 2000/J. Opt. Soc. Am. B 439

and the dynamical Stark effect in a coherently driven exci-
ton system,” Phys. Rev. Lett. 57, 2752-2755 (1986);
S. Schmitt-Rink, D. S. Chemla, and H. Haug, “Nonequilib-
rium theory of the optical Stark effect and spectral hole
burning in semiconductors,” Phys. Rev. B 37, 941-955
(1988).

H. Haug and S. W. Koch, Quantum Theory of the Optical
and Electronic Properties of Semiconductors, 2nd ed. (World
Scientific, Singapore, 1993).

W. W. Chow, S. W. Koch, and M. Sargent III,
Semiconductor-Laser Physics (World Scientific, Singapore,
1995).

O. Gauthier-Lafaye, F. H. Julien, S. Cabaret, J. M. Lour-
tioz, G. Strasser, E. Gornik, M. Helm, and P. Bois, “High-
power GaAs/AlGaAs quantum fountain unipolar laser emit-
ting at 14.5 um with 2.5% tunability,” Appl. Phys. Lett. 74,
1537-1539 (1999).

J. Kono, M. Y. Su, T. Inoshita, T. Noda, M. S. Sherwin, S. J.
Allen, Jr., and H. Sakaki, “Resonant terahertz optical side-
band generation from confined magnetoexcitons,” Phys.
Rev. Lett. 79, 1758-1761 (1997).



